Background: Diabetes adversely impacts cognition. Lifestyle change can improve diabetes control and potentially improve cognition. We examined whether weight loss through reduced caloric intake and increased physical activity was associated with slower cognitive aging in older adults with type 2 diabetes mellitus. Methods: The Look AHEAD randomized controlled clinical trial delivered 10 years of intensive lifestyle intervention (ILI) that yielded longterm weight losses. During 5 years spanning the end of intervention and postintervention follow-up, repeated cognitive assessments were obtained in 1,091 individuals who had been assigned to ILI or a control condition of diabetes support and education (DSE). We compared the means and slopes of scores on cognitive testing over these repeated assessments. Results: Compared with DSE, assignment to ILI was associated with a −0.082 SD deficit in mean global cognitive function across repeated assessments (p = .010). However, overweight (body mass index [BMI] < 30 kg/m 2 ) ILI participants had 0.099 (95% confidence interval [CI]: −0.006, 0.259) better mean global cognitive function compared with overweight DSE participants, while obese (BMI ≥ 30 kg/m 2 ) ILI participants had −0.117 (−0.185, −0.049) SD worse mean composite cognitive function scores (interaction p = .014) compared to obese DSE participants. For both overweight and obese participants, cognitive decline was marginally (−0.014 SD/y overall) steeper for ILI participants (p = .068), with 95% CI for differences in slopes excluding 0 for measures of attention and memory.
Type 2 diabetes mellitus and mid-life obesity accelerate aging and the incidence of age-related conditions (1) (2) (3) . There are many reasons that weight loss, through reduced caloric intake and increased physical activity might alter the rate these conditions accumulate. This was the premise of the Action for Health in Diabetes (Look AHEAD) randomized controlled clinical trial, which featured a 10-year intensive lifestyle intervention (ILI) delivered to adults with type 2 diabetes (4). During its intervention phase, the primary outcome was the incidence of major cardiovascular events, which was not significantly affected by the intervention. Important secondary outcomes included cancers, nephropathy, osteoporosis, sleep apnea, osteoarthritis, and mortality. During postintervention observation, the protocol was broadened to include mobility, falls, and late-life depression outcomes. To date, the intervention has been reported to benefit nephropathy, sleep apnea, mobility, and depression symptoms (5) (6) (7) (8) (9) .
Among the age-related conditions adversely affected by diabetes is cognitive function. Affected adults have increased risks for cognitive deficits and dementia (10, 11) . Because obesity further increases risks in diabetes (12) , weight loss might be expected to convey cognitive benefits. Look AHEAD has examined this with two cross-sectional analyses, the first near the end of its 10-year intervention in a subset of participants, the second 1-2 years after the intervention's end in the full cohort (13, 14) . Evidence for cognitive benefit was mixed for the primary cognitive outcome, a composite formed by averaging scores from five individual tests related to verbal learning and memory, speed of processing, working memory, executive function, and global cognitive functioning. Significant interactions between intervention assignment and baseline body mass index (BMI) were reported from cross-sectional testing of 987 participants tested during years 8-9 and cross-sectional testing of the full cohort (N = 3,751) during years 10-13. For participants who were initially overweight (BMI 25-29 kg/m 2 ), composite cognitive function scores in the intervention group compared with the control group averaged (95% confidence interval [CI]) 0.276 (−0.033, 0.520) SD better at 8-9 years and 0.047 (−0.086, 0.179) SD better at 10-13 years (12, 13) . For participants who were initially obese (BMI ≥ 30 kg/m 2 ), random assignment to the intervention compared the control was associated with −0.086 (−0.194, 0.021) SD worse scores at years 8-9 and −0.031 (−0.087, 0.026) SD worse scores at years 10-13. While CI for these crosssectional comparisons included 0, interactions between intervention assignment and baseline BMI were statistically significant: p = .008 at 8-9 years and p = .02 at 10-13 years. Furthermore, there was a significant interaction between baseline BMI and the prevalence of cognitive impairment (centrally adjudicated mild cognitive impairment or dementia) at years 10-13 (p = .03), with odds ratio (OR) = 0.70 (0.40, 1.22) among those initially overweight and OR = 1.46 (0.83, 2.56) among those with BMI ≥ 40 kg/m 2 (15) . Approximately a quarter of Look AHEAD participants enrolled in one or two ancillary studies that provided repeat cognitive assessments over several years. We hypothesized that, within this subset of over 1,000 individuals, random assignment to the intervention would result in differences in the rates of decline in cognitive function across the up to five years spanning the termination of the intervention. We also examined whether any differences in intervention groups varied depending on individual's initial weight status.
Methods
The design and methods of Look AHEAD have been published previously (4), as have its CONSORT diagram and primary results (16 
Interventions
Participants were randomly assigned with equal probability to ILI or Diabetes Support and Education (DSE). ILI included diet modification and physical activity designed to induce an average weight loss ≥7% at year 1 and maintain this over time (17) . ILI participants were assigned a daily calorie goal (1,200-1,800 based on initial weight), with <30% of total calories from fat (<10% from saturated fat) and a minimum of 15% of total calories from protein. The physical activity goal was ≥175 minutes per week through activities similar in intensity to brisk walking. DSE participants were invited to attend three group sessions each year, which focused on diet, physical activity, and social support (18). They did not receive specific diet, activity, or weight goals or information on behavior change strategies.
Interventions were terminated September, 2012 (16) . The mean (range) length of intervention for ILI and DSE participants in this manuscript were both 9.8 (8.4, 11.1) years.
Cognitive Function
Cognitive assessment was performed among those enrolled in the postintervention observation study between August 2013 and December 2014, 10-13 years after their enrollment. A subset had one or two earlier assessments in the Look AHEAD Movement and Memory Study (4 clinics: years 8-11) and the Look AHEAD Brain MRI study (3 clinics: years 10-12) (13, 19) . These individuals provide longitudinal data for this manuscript. Overall, 38% of these cognitive assessments occurred during the intervention phase, up to 3.0 years prior to its termination. The remainder was collected up to 2.3 years after intervention termination. The time between the first and last (ie, second or third) cognitive assessment ranged from 1 to 5 years (average 2.8 years). Supplementary Table 1 provides additional detail on the temporal pattern of assessments.
Assessments were performed by centrally trained and certified masked staff (13 
Baseline Assessment of Risk Factors for Cognitive Decline
Self-reported characteristics and conditions were assessed using standardized questionnaires. The Beck Depression Inventory provided a measure of depression symptoms. Blood pressure was measured in duplicate using a Dinamap Monitor Pro 100 automated device. Blood specimens were collected after a 12-hour fast and analyzed using standardized laboratory procedures for measuring HbA 1 c. For participants who provided consent, genotyping for APOE ε4 genotype was performed using two TaqMan assays on a 7900 HT (Applied Biosystems, Waltham, MA) using master mix and probes purchased from Life Sciences (assay C_3084793_20 for rs429358 (R130C) and assay C_904973_10 for rs7412 (R176C)). Annual measures of weight were obtained using digital scales throughout follow-up.
Statistical Analysis
Comparisons of baseline characteristics between participants included in our analyses with those of other Look AHEAD participants, and between intervention groups, were based on chisquared and t tests. Cognitive function test scores were standardized (z-scores) by subtracting the overall cohort-wide mean of the initial assessments and dividing this by their standard deviation (SD). The primary cognitive measure for the Look AHEAD program was a composite: the average of these scores (13) . We adopt this as the primary measure in our analyses, with the domain-specific scores being supportive measures. General linear models were fitted using restricted maximum likelihood (20) to longitudinal scores. Inferences and CI were based on the average scores over repeat assessments, and separately on their slope over time, with covariate adjustment for baseline age, sex, education, race/ethnicity, clinic site, and repetition (ie, whether the first, second, or third test administration). Inverse probability weighting was used to assess the sensitivity of findings to missing data (21) .
Results
The 1,091 Look AHEAD participants with repeat cognitive assessments differed from the 912 other Look AHEAD participants enrolled at their clinical sites with respect to many baseline characteristics (Supplementary Table 2) , including younger age, lower HbA1c levels, lower rates of insulin use, shorter durations of diabetes, less hypertension, less history of cardiovascular disease, better self-reported general health, fewer symptoms of depression, less history of smoking, and greater levels of fitness (all p ≤ .05). Table 1 describes these 1,091 participants at their Look AHEAD enrollment. The balance from randomization was largely preserved, with slightly greater prevalence of history of cardiovascular disease among ILI participants (15.0% vs 10.8%), p = .04.
Mean baseline BMI was similar for the intervention groups (Table 2 ; p = .36). However, within the overweight stratum (but not the obese stratum), mean BMI was slightly greater among the DSE than ILI participants (p = .03). There were substantially greater weight losses during the intervention in ILI participants, averaging between 5% and 7% of initial body weight across follow-up in both the overweight and obese strata. At the conclusion of the cognitive testing, differences in weight losses between intervention groups were no longer statistically significant in the overweight stratum (about a 1% mean difference), but remained significant in the obese stratum (about a 2% mean difference). Table 3 summarizes standardized mean cognitive function scores. Across repeated exams, mean (95% CI) performance on the composite measure was −0.082 (−0.144, −0.020) SD lower among ILI compared with DSE for the composite cognitive function score (p = .010) and 95% CI for mean differences for three of the five individual tests excluded 0. Composite cognitive function declined in both intervention groups, with marginally greater mean declines in the ILI than DSE participants: by −0.014 (−0.029, 0.001) SD/y (p = .068). CI for slopes excluded 0 in two of the five individual tests. Additional covariate adjustment for history of cardiovascular disease, due to its slight imbalance in Table 2 , had essentially no impact on any results (data not shown). Table 4 summarizes analyses for participants grouped by original weight status. The treatment assignment by obesity interaction for mean composite cognitive score was statistically significant Note: BMI = Body mass index; CVD = ; DSE = Diabetes support and education; ILI = Intensive lifestyle intervention. CVD: Self-report of prior myocardial infarction, coronary artery bypass, angioplasty/stent procedures, peripheral vascular disease, stroke, stable angina, and class I /II heart failure.
(p = .014). Among overweight participants, the mean composite score across repeated assessments was slightly higher among ILI compared with DSE participants: 0.099 (−0.060, 0.259). Among obese participants, the mean composite score was −0.117 (−0.185, −0.040) SD/y lower among ILI compared with DSE participants.
Also in Table 4 are mean changes (slopes) for the composite cognitive function for participants grouped by weight status. Mean slopes were slightly steeper for ILI participants compared with DSE participants for both obesity groups, although 95% CI include 0. These differences were similar for both overweight and obese groups (interaction p = .795).
We calculated the mean difference between the weight changes from baseline at the time of the last cognitive assessment and the average weight changes during the follow-up that spanned the intervention, that is, difference between the two right-most columns of Table 2 . These mean (SE) differences were −2.38 (0.31) percent for DSE and 0.69 (0.33) percent for ILI, p < .001. Overall weight gain (ie, a positive difference) was associated with slightly better composite cognitive function with a small, but statistically significant, fitted slope of 0.005 SD per percent weight change (p = .030). This relationship was independent of weight status (interaction p = .609), intervention assignment (p = .836), and the interaction between obesity and intervention assignment (three-way interaction p = .237). The interaction between weight status and intervention assignment on composite cognitive function remained statistically significant after covariate adjustment for these interactions (p = .021). Among the 1,091 individuals, there were 17 cases of adjudicated probable dementia (9 ILI and 8 DSE) and 60 cases of adjudicated mild cognitive impairment (31 ILI and 29 DSE).
There were many differences in the subset of participants included in our analyses compared to the original randomized participants from the six clinics that contributed one or no cognitive assessments (and therefore were excluded from our analyses due to lost follow-up or death, Supplementary Table 2) . To assess the impact of this on results, we repeated the analyses in Tables 3 and  4 using inverse probability weighting. Weights (the estimated probability of inclusion) were generated by applying logistic regression to all baseline factors in Table 1 after imputing any missing predictors. Supplementary Tables 3 and 4 summarize the results. While means were altered by the weighting, inference results were consistent, and at least as strong as in unweighted analyses. In these analyses (Supplementary Table 3 ), the slope (SE) among ILI participants was −0.076 (0.011) SD/y compared to −0.061 (0.011) SD/y among DSE participants (p = .048). The interaction between intervention assignment and weight status on mean composite cognitive function (Supplementary Table 4 ) reached p = .017.
Discussion
Look AHEAD featured a well-designed long-term behavioral intervention that was effective in inducing and sustaining relative weight losses over 10 years. It benefited many important age-related outcomes, including physical function, mobility, health care costs, depression symptoms, microvascular disease, and sleep apnea (5-9,22). However, we saw no overall improvement in cognition in response to ILI, consistent with prior reports (13, 14) . While assignment to the Look AHEAD ILI appeared to leave a legacy of relatively better cognitive function among overweight participants, it resulted in small relative deficits in cognitive function in obese participants and slightly greater rates of cognitive decline overall. Our findings are exploratory and significance levels across some inferences are marginal, so that any interpretations must be cautious.
There were no cognitive assessments in Look AHEAD before Year 8, thus we can only speculate about earlier differences between intervention groups. As noted in the introduction, 8 or 9 years after interventions, began ILI participants who were initially overweight averaged 0.276 (−0.033, 0.520) SD better performance on composite cognitive function than overweight DSE participants (13) . If the average rate of decline in the DSE group as a measure of usual aging (−0.059 SD/y for composite cognitive function), the estimated differences are comparable to several years of cognitive aging and may have been greater earlier during follow-up in ILI if the slopes in Table 4 extend to early times. However, our finding that the rate of cognitive decline may be increased among ILI participants during later follow-up suggests that any benefits that may have accrued are shrinking at a rate of 0.017 SD/y. For participants who were initially obese, ILI compared with DSE was associated with a relative deficit of −0.086 (−0.194, 0.021) SD for composite cognitive function at years 8-9, which may be expanding at a rate of 0.013 SD/y, if the results in Table 4 hold.
Previous short-term studies of lifestyle interventions including physical activity in adults with diabetes have reported benefits (23, 24) . A meta-analysis of short-term (<2 years) studies of intentional weight loss interventions found modest cognitive benefits (mainly memory and executive function) for general cohorts of obese adults (25) . The Finnish Diabetes Prevention study found that 4 years of a lifestyle intervention targeting weight loss among individuals with impaired glucose tolerance did not produce long-term effects on cognitive performance (26) .
In contrast, a number of studies have reported that weight loss in older adults may be a signal of impending cognitive decline (27, 28) . Often this weight loss is interpreted as a consequence of neurodegeneration, which may alter dietary intake through changes in hormone levels, affect, and smell (28, 29) . In Look AHEAD, ILI weight loss was designed to be intentional, resulting from decreased caloric intake and increased physical activity. However, the longer-term weight losses may have included both an intentional and an unintentional component, and it is impossible to disentangle any separate contributions.
The ILI was associated with less microvascular disease in the brain (19) and in other vascular beds (5), and less brain atrophy (19) . At various times during follow-up, ILI was also associated with better blood pressure control (30, 31) , better profiles of inflammatory markers (32) , less sleep apnea (6) , and lower rates of depressive symptoms (9) , all of which may be expected to be neuroprotective effects. Across the course of ILI, there was little relative increase in the rate of serious hypoglycemic events and better overall diabetes control (16, 33) . Within the subgroup included in our analyses, rates of these events were 0.31/100 person-years in the DSE group compared with 0.51/100 person-years in the ILI group (p = .19). Including these events as covariates and, separately, excluding participants with these events did not alter findings. We cannot rule out that ILI results in an increase in subclinical hypoglycemia, which may have resulted in cognitive impairment. However, there is not consistent evidence that hypoglycemia has long-term effects on the brain and some evidence that, at least in type 1 diabetes, the brain adapts to chronic hypoglycemia (34, 35) . Leptin may promote neurogenesis and attenuate apoptosis in the brain (36, 37) ; ILI may have produced lower levels of leptin. Another possibility is described in Look AHEAD's earlier crosssectional papers on cognitive function (13, 14) . Both report significant interactions for intervention effects on cognitive function depending on participant's baseline history of cardiovascular disease: ILI was associated with marked deficits in cognitive function among participants with such a history. This interaction was independent of BMI and the interaction we report between BMI and intervention assignment. Thus, it is possible that the increased rate of cognitive aging we saw long-term among ILI participants is related to how the impact of weight loss on cognitive function is altered by the history and ontrial accumulation of cardiovascular disease.
DSE participants with obesity had better cognitive function than overweight participants and the obesity status did not affect their rate of cognitive decline. This may reflect some selection process during Look AHEAD recruitment or differential survival and retention, but is also consistent with reports of the "obesity paradox" for dementia risk in which it is increased among individuals with midlife obesity but decreased among individuals with late-life obesity (38) .
Having no earlier cognitive assessments limits our ability to describe the time course of effects. Differential lost follow-up may have biased our results, but supporting analyses do not point to a large effect. Analyses were not prespecified. Effect sizes are not large and power is limited by the relatively short average follow-up time. As volunteers to a clinical trial, the Look AHEAD cohort may not represent more general clinical populations. The Look AHEAD ILI may not be duplicated elsewhere and it is not clear whether our findings may generalize to different approaches to behavioral weight loss intervention.
It is possible that the results we report as a legacy of the intervention are associated with differential postintervention changes in behavior between groups. There is some evidence that this occurred, in that mean weight had increased among ILI participants and decreased among DSE participants compared with their average weight at the end of the intervention. However, across the cohort these weight changes had a slight, but significant, positive relationship with composite cognitive function: following termination of the intervention, weight gain, not weight loss, was associated with slightly better cognitive function.
Summary
Ten years of lifestyle intervention to reduce weight was associated with small relative deficits in cognitive function among obese individuals. Intentional weight loss may leave a legacy of slightly greater rates of cognitive decline, however this requires further study.
